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i \ Summary
4
e major objectives of this study are (1) elucidation of the cellular mechanism

of the facilitatory and blocking effects of organophosphorus anti-cholinesterase
(anti-ChE) agent, diisopropylfluorophosphate (DFP) on sympathetic neurons and on

9 ganglionic transmission; and (2) clarification of the site and mechanism of action
[\ of a cholinesterase (ChE) reactivator, pyridinealdoxime (2-PAM) on cholinergic
transmission. Isolated rabbit superior cervical ganglia or guinea pig inferior
mesenteric ganglia were used in this study. Intracellular recordings were obtained
X from neurons of the isolated sympathetic ganglia by means of glass microelectrodes.
" DFP, 2-PAM and other agents were applied to the ganglia either by superfusion in

5 known concentrations or by pressure ejection from a micropipette containing
appropriate agents,

e e
t:’*DFP exerted a dose-dependent action on nicotinic and muscarinic transmission of

ﬁ the sympathetic neurons. At concentrations of 10 uM or less, DFP increased the

§ amplitude as well as thé\guration of the fast excitatory postsynaptic potential

N (f-epsp) which is nicotinic in nature. The nicotinic acetylcholine (ACh) de-

§ polarization induced by ACR applied by pressure ejection was likewise increased. On
Kl the other hand, DFP at condentrations of 0.1 mM or higher consistently and reversibly
) depressed f-epsp's and ACh !depolarizations. The effects of DFP on depolarizations

o induced by carbamylcholine’/(CaCh), a ChE resistant cholinergic agonist, were con-

:' centrations dependent. DFP at concentrations of 10 uM or less did not noticeably

i) change the amplitude or duration of CaCh-induced depolarizations, whereas, the

¢ latter were reversiblx/Kg;cked by DFP at concentrations of 0.1 mM or higher.

The effects of DFP on muscarinic transmission were also concentrations dependent.
1 DFP at concentrations of 10 uM or less increased the amplitude and duration of
" the slow excitatory postsynaptic potential (s-epsp) which is muscarinic in nature
'ﬁ as well as the depolarization induced by methacholine (MeCh), a specific muscarinic
¥ agonist which is slowly hydrolyzed by ChE. On the other hand, DFP at concentrations
of 0.1 mM or higher reversitbly blocked the s-epsp as well as MeCh depolarization.

Y At concentrations of 1 mM or lower and 10 mM or higher, 2-PAM increased and de-
: creased the nicotinic depolarizations whether evoked synaptically or by pressure
k ejections of ACh. Thus, the results provide evidence for the first time that DFP
€, and 2-PAM exerted an acetylcholinesterase (AChE) BEpegd nt facilitation and an

e AChE independent inhibition of nicotinic transmission. 3It is -Eherefore concluded

that contrary to the long standing concept that DFP and 2-PAM affect cholinergic
i transmission solely by inhibiting and reactivating junctional ChE, respectively,
e\ these compounds exert direct actions on cholinergic nicotinic and muscarinic re-~
ceptors/ion-channel complex that are independent of the status of junctional ChE

activity. _... -~ e~

- In addition to these two major studies, we found that‘ﬁ-tubocurarine (d=Tc, 10-
b 1864 and prostaglandin '£?GEI7—i9-1OO nM) revers{¥ly and dose-dependently
: suppressed the spike after-hyperpolarization (AH) of rabbit and guinea pig

'Q sympathetic ganglion cells. The ability of these two compounds to suppress spike
" AH is interesting as they may increase the membrane excitability of sympathetic
I\ neurons and other central neurons
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FOREWORD

Care and Use of Laboratory Animals of the Institute of
Laboratory Animal Resources, National Research Council
(DHEW Publication No. (NIH) 78-23, Revised 1978).
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Report

I. Introduction

While phosphorylation of the active site of cholinesterases (ChE) and the
resuiting accumulation of acetylcholine (ACh) is clearly involved in many
aspects of the pharmacological actions of anticholinesterase (anti~ChE)

agents, including organophosphorous (OP) compounds (1,2),a number of studies
suggest tnat these pharmacological or toxicological actions may not be entirely
related to their anti-ChE activity. For example, anti-ChE agents block gang-
lionic transmission (3,4,5,6,7,8) ,yet the concentrations of anti-ChE agents
needed to block ganglionic transmission do not seem to be closely related to

the concentrations that produce inhibition of ganglionic acetylcholinesterase
(AChE) (9,10). Accordingly, several investigators suggested that the gang-
lionic or nerromyal action of anti-ChE agents depend on their direct actions

(9, 11, 12, 13). Results obtained during the first year of our studies supported
by this contract show that anti-ChE agents of carbamate type, physostigmine

and neostigmine, depressed nicotinic transmission by a direct action on nico-
tinic receptors and/or ion channel complex (14). During this reporting year,
the effects of diisopropylfluorophosphate (DFP), an OP type of anti-ChE agent

on sympathetic neurons and on ganglionic transmission were studied. The
hypothesis was that OP anti-ChE agents similar to the carbamate type may depress
ganglionic transmission by a direct action that is independent of ChE inhibi-

) tion.

The second major study during the past year concerns the effects of pralidoxime
(2-PAM), a prototype of ChE reactivator (15),on ganglionic transmission. The
aim was to evaluate the effectiveness of 2-PAM in reversing or preventing the
effects of OP agents on ganglionic transmission. Surprisingly, our results

show that 2-PAM has a number of actions that appear to be independent of reacti-
vation of ChE.

A brief summary of the electrophysiological and pharmacological properties of
ganglionic transmission is intended to facilitate understanding of the results
obtained here.

Results from these and other laboratories have established over the past few
years that synaptic transmission of vertebrate sympathetic ganglia is a complex,
multi-transmitter-mediated event consisting of several post-synaptic potentials
of opposing polarities and time courses ranging from a few millisceconds to

f minutes (16,17,18,19).

Three of these responses are depolarizing (or excitatory) potentials. When the
principal tramsmitter, ACh, is liberated presynaptically, it acts on postsynaptic
nicotinic and muscarinic receptors and generates, respectively, the fast and slow
excitatory postsynaptic potentials (f-epsp and s-epsp). In addition, in some
ganglia, a long-lasting depolarization that is noncholinergic in nature, as it

is insensitive to nicotinic and muscarinic antagonists, appears following the pre-
synaptic stimulation. Current pharmacological, biochemical and ultrastructural
data suggest that this non-cholinergic response is generated in mammalian pre-
vertebral ganglia by either substance P, an undecapeptide (20,21) or serotonin (22).
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In addition to these three epsp's, the sympathetic ganglia exhibit the slow
inhibitory postsynaptic potential (s-ipep). The s-ipsp 1is generated either
monosynaptically by a muscarinic action of ACh, or disynaptically, by dopamine
released from a specialized interneuron, the small intensely fluorescent (SIF)
cell, which is first activated by the muscarinic action of ACh (16,17,18,23).

The excitatory and inhibitory responses described so far interact to provide

for a sensitive control of ganglionic transmission. This control is further
refined via release of additional bioactive substances. Indeed, it was es-
tablished that these substances--which include additional peptides such as
enkephalins, amino acids such as gamma-aminobutyric acid (GABA), prostaglandins,
catecholamines and indolamines-~are endogenous to the ganglia, and that their
exogenous application effectively alters membrane potentials and/or trans-
mitter release. These findings strongly imply that these substances play a role
in the modulation of ganglionic transmission (17,18,19).

Methods and Materials

Adult male rabbits (1.5-2 Kg) or guinea pigs (25-300 g) were used in this study.
The animals were sacrificed by overdose of pentobarbital, and the superior
cervical ganglia from the rabbits or the inferior mesenteric ganglia from the
guinea pigs were rapidly excised together with their preganglionic nerve trunks
and transferred to the recording chamber. The ganglia were superfused with Krebs
solution of the following composition (in millimolar concentrations): NaCl, 117;
KCl, 4.7; CaCl,, 2.5; MgClZ, 1.2; NaHC03, 25; NaHPO,, 2.2; and glucose, 11.5,

the solution was gassed with 952 0, and™5% CO, and the temperature of the solution
was maintained at 3419.500. The intracellular recording techniques have been
described in detail (14). In brief, intracellular recordings were obtained from
neurons by using fiber-containing glass capillaries filled with 3 M KCl that had
resistance of 35-60 megohms. The preganglionic nerve trunk was drawn into a
suction electrode for orthodromic stimulation. Nicotinic f-epsp's were induced
by electrical stimulation of the cervical sympathetic trunk at low frequency
(0.1-0.3 Hz). ACh potentials were evoked by pressure ejection of ACh from a
micropipette positioned above the ganglion cell from which intracellular
recordings were made. ACh was discharged from the micropipette by nitrogen of
various pulse duration (5-10 ms).

In experiments of the effects of DFP or 2-PAM on muscarinic transmission, the
ganglia were superfused continuously with a Krebs solution containing d-Tc (50 uM)
to suppress the nicotinic transmission of the ganglia. Repetitive nerve stimula-
tion at the frequency of 20-30 Hz for 1-3 sec was used to elicit the muscarinic
synaptic responses. DFP and 2-PAM were dissolved in Krebs solution and applied

to the ganglia in known concentrations by superfusion.

The following compounds were sued: Acetylcholine chloride, atropine sulfate, PGE
d-tubocurarine chloride, and diisopropylfluorophosphate were purchased from
Sigma Co., 2-pyridinealdoxime methyl methanesulfonate was obtained from Aldrich
Chemical Co.

1’

Results

1. Effects of DFP on nicotinic transmission

The dose-effect relationships of DFP were examined on f-epsp's which are mediated
by a nicotinic action of ACh released synaptically (16,17) and on nicotinic
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depolarizations induced by pressure ejection of ACh or CaCh. These experiments
were carried out in the presence of atropine (1 uM) to ensure the elimination of
muscarinic action of ACh and CacCh.

A. Facilitatory effects of DFP on f-epsp's

The effects of DFP on the f-epsp's were clearly concentrations dependent. At
concentrations of 1-10 uM, DFP applied for 5 min consistently and reversibly
increased the amplitude of subthreshold f-epsp's, leading to spike discharges

in all 12 cells examined; a representative experiment is shown in Fip. 1B. The
potentiating effect was long lasting; a 1-2 hr washing period with Krebs solution
was generally needed for the response to return to the control level (Fig. 1B),

A quantitative determination of the potentiation of DFP on f-epsp's was difficult
as the latter invariably reached threshold and fired action potentials in the
presence of DFP (Fig. 1B).

B. Blocking action of DFP on f-epsp's

In contrast to its enhancing effect at lower concentrations, DFP at concentrations
of 0. 1 mM and 1 mM completely blocked f-epsp's in 25 of the 28 ganglion cells
investigated. An experiment in which DFP (1 mM) reversibly blocked the f-epsp's

of a rabbit ganglion cell is shown in Fig. 1A. The blocking effect of DFP generally
developed in 3-5 min following the addition of DFP and reversed in atout 30 min
after discontinuation of DFP superfusion. It is interesting in this respect to
point out that f-epsp's recovered much faster from the blocking effect of DFP as
compared with that of the enhancing action.

DFP  10um

— v
S0vec IlOm

Fig. 1 Potentiating and blocking effects of DFP on f-epsp's evoked in two superior
cervical ganglion cells. A: DFP (1 mM) applied between two arrows completely and
reversibly blocked the f-epsp's (upward deflections) elicited by low frequency
stimulation of cervical sympathetic nerve trunk. The amplitude of f-epsp's
recovered to near control level 25 min after discontinuation of DFP superfusion.

B: potentiating action of DFP (10 uM) on subthreshold f-epsp's evoked by low
frequency electrical stimulation of cervical sympathetic nerve trunk. Following

DFP superfusion, subthreshold f-epsp's reached threshold and fired action potentials

(middle panel). The responses returned to control level more than 1 hr after wash-
ing with Krebs solution.




2. Effects of DFP on nicotinic depolarizations

The purpose of these experiments was to evaluate whether DFP depresses and enhances
nicotinic transmission by altering the sensitivity of postsynaptic membrane
nicotinic receptors to ACh or affecting release of ACh. TFor this series of
experiments, the effects of DFP on membrane depolarizations induced by pressure
ejection of ACh or CaCh were examined. Atropine (1 uM) was routinely present in
the perfusing Krebs solution to block the muscarinic effect of ACh and CaCh.

A. Nicotinic depolarizations induced by ACh

Similar to the effects of DFP on f-epsp's evoked synaptically, DFP increased and
blocked nicotinic depolarizations induced by ACh in a concentration dependent
manner (Table 1). One experiment in which DFP (10 uM) increased the amplitude
and duration of ACh induced depolarization is illustrated in Fig. 2A. The
facilitatory action was fairly long lasting. Generally, one hour or more of
washing with Krebs solution was needed for the ACh depolarization to return to
control level. On the other hand, DFP blocked the ACh depolarization at concen-
trations of 0.1 mM or higher (Table 1). One experiment where DFP (1 mM) com-
pletely blocked the ACh induced depolarization is depicted in Fig. 2A.

Table 1. Effects of DFP on ACh depolarizations induced by pressure ejection of
ACh in rabbit superior cervical ganglion cells.

ACh Depolarizations

DFP % change of amplitude % change of duration
mean + S.E.M. mean + S.E.M.

10 uyM (n=4) +43 + 8%* +52 + 7%*

0.1 mM (n=6) -66 + 97%** -42 + 97%*

1 mM (n=8) =93 + 27%* =91 + 57Z**

* statistically significant (p<0.05)
** gtatistically significant (p<0.01)

B. Nicotinic denclarizations induced by CaCh

DFP at the concentration of 10 uM or less caused no discernible change of the
membrane depolarization induced by pressure ejection of CaCh (Table 2). One
such experiment is shown in Fig. 3 (right panel), On the other hand, DFP at
concentrations of 0.1 mM or higher depressed or blocked the CaCh induced de-
polarizations in all 6 cells studied (Table 2). A representative experiment
is shown in Fig. 3 (left panel).
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Fig. 2 Potentiating and blocking effects of DFP on nicotinic ACh depolarizations
induced by pressure ejection of ACh in two rabbit superior cervical ganglion cells
in the presence of atropine (1 uM). A: Control nicotinic ACh depolarization was
evoked by pressure ejection of ACh (arrowhead, 10 ms pulse duration). Following
superfusion of DFP (1 mM), pressure ejection of ACh (arrowhead) caused no
detectable membrane depolarization. ACh depolarization returned to control level
after a period of 20 min wash with Krebs solution. B: ACh depolarization evoked
by pressure ejection of ACh (arrowhead) was increased by about 50% following DFP
(10 uM) superfusion. ACh depolarization returned to control level about 50 min
after washing with Krebs solution (bottom tracing). '

Table 2. Effects of DFP on CaCh-depolarizations induced by pressure ejection of
CaCh in rabbit superior cervical ganglion cells.

CaCh depolarizations

DFP % change of amplitude % change of duration
mean + S.D. mean + S.D.

10M (n=4) +7 + 3% + o+ 2%

1 mM (n=5) ~92 + 72% -95 + S%*

* statistically significant (p<0.01)
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Fig. 3. Effects of DFP on nicotinic depolarization evoked by CaCh in a rabbit
superior cervical ganglion cell in the presence of atropine (1 uM). DFP (10
uM) caused no appreciable change of the nicotinic depolarization induced by
CaCh (arrowhead). Following superfusion of DFP (1 mM), pressure ejection of
CaCh elicited no membrane depolarization. CaCh depolarization returned to
control level after a period of 30 min wash.

3. Effects of DFP on membrane electrical properties

DFP at the concentration as high as 1 mM did not cause a significant change of

the resting membrane potential and input resistance in the majority of sympathetic
neurons tested. However, DFP (0.1-1 mM) caused a small (< 5 mV) depolarization

in 29 of the 130 cells sampled. The DFP induced depolarizations exhibited

several interesting features. First, the DFP depolarization was generally not
associated with any detectable increase or decrease of membrane resistance.
Second, the depolarization showed no tachyphylaxis, i.e., the depolarization per-
sisted as long as DFP was in the perfusing solution. Finally, pretreating the
ganglia with low Ca solution or nicotinic and muscarinic antagonists did not alter
the DFP induced depolarizations. One experiment in which DFP application caused

a slow depolarization and blocked of nicotinic transmission is shown in Fig. 4.

It must however be stressed that there is no clear-cut correlation between DFP
induced depolarization and synaptic blockade as in the majority of cells DFP
caused little or no change in membrane potentials.

4, Effects of DFP on muscarinic transmission

Neurons in the rabbit superior cervical ganglia in response to preganglionic
nerve stimulation generate, in addition to the initial f-epsp, a slow excitatory
postsynaptic potential (s-epsp) which is mediated by a muscarinic action of ACh
(16,17). Interestingly, DFP facilitated and blocked muscarinic transmission in
a concentration-dependent manner.
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Fig. 4. Synaptic depression and membrane depolarization caused by DFP in a 3
rabbit superior cervical ganglion cell. Superfusion of DFP (100 uM) caused l
a slow depolarization and concomitant depression of f-epsp's (small upward
deflections).

A. Facilitation and depression of s-epsp .

S-epsp's were elicited in neurons of the rabbit superior cervical ganglia by
a short train of stimuli applied to the cervical sympathetic trunk (10-20 Hz, -
1-2 sec) in the presence of d-Tc (50 uM) which suppresses the initial f-epsp's. -
Typically, the s-epsp shows an amplitude of 5-20 mV and a duration of seconds "
(16,17,18). DFP at concentrations of 10 uM or less facilitated the s-epsp's, ¥
whereas, it depressed the responses when the concentration was raised to 1 mM
or higher (Table 3). An experiment in which DFP (10 uM) increased the amplitude
and prolonged the duration of s-epsp is shown in Fig. 5 (lower tracings). The A
facilitation was long lasting and 2-3 hr of washing with Krebs solution was
generally required for the response to return to control level (Fig. 5). In
the same neuron, DFP at higher concentration (1 mM) reversibly depressed the .
s-epsp (Fig. 5, upper tracings). ’

Table 3. Effects of DFP on muscarinic s-epsp's evoked in rabbit superior cervical X
ganglion cells, b

Muscarinic s-epsp's -

Control DFP 10uM % change Control DFP 1 mM % change
(n=7) (n=8)

Amplitude, mV  3.240.2 9.8+1.2 +196.7+56.8%  6.8+1.2 2.3+1.1 -82+11.1%%*
Duration, sec. 26.0+4.0 54.048.7  +108.3+15.4%%*% 36.7+2.1 13.0+43.1 -75.0+7.8%x

* Statistically significant (v<0.05) !
** Statistically significant (p<0.01)
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Fig. 5 Potentiation and depression of s-epsp's by DFP in a rabbit superior
cervical ganglion cell. S-epsp's were induced by repetitive stimulation of
cervical sympathetic nerve trunk (30 Hz, 2 sec, arrowhead). In this experi-
ment, d-Tc (50 yM) was present in the Krebs solution to suppress the f-epsp's.
DFP (1 mM) superfusion blocked the s-epsp; the latter recovered to control
level 30 min after washing with Krebs solution. The s-epsp was markedly
increased following the superfusion of DFP (10 uM). The s-epsp returned to
control level after a prolonged washing period. The recordings were taken
from the same ganglion cell.

B. Facilitation and depression of muscarinic depolarizations induced by
methacholine (MeCh)

This series of experiments was designed to evaluate whether DFP affects
muscarinic transmission by a pre- or postsynaptic mechanism or both. For
these experiments, muscarinic depolarizations were evoked by pressure eject-
ion of MeCh onto the ganglion cells. DFP potentiated and blocked muscarinic
depolarizations induced by MeCh in a concentration dependent manner (Table 4).
An experiment in which DFP at low concentration (10 uM) increased and at high
concentration (1 mM) blocked muscarinic depolarizations in the same ganglion
cell is shown in Fig. 6.

Table 4. Effects of DFP on muscarinic depolarizations induced by MeCh in
rabbit superior cervical ganglion cells.

MeCh depolarizations

Control DFP 10uM % Change Control DFP 1 mM 7 Change
(n=5) (n=6)

Amplitude, mV - 5.140.9  9.7+2.6  +139.3+36.5%*%*  5.3+0.7 1.040.6 -85.1+9.8%%*
Duration, sec 48.0+9.6 61.4+7.8  +32.1+6.2%%  73.8+5.7 3.7+2.2  -84.3+9.1%*

*  Statistically significant (p<0.05)
** Statistically significant (p<0.01)

- 13 -
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Fig. 6 Facilitation and depression of muscarinic depolarizations induced

by DFP in a rabbit sympathetic ganglion cell. A: muscarinic depolarization
was evoked by pressure ejection of MeCh (arrowhead, 20 ms pulse duration).
MeCh depolarization was markedly enhanced following the superfusion of DFP
(10 uM). B: Following the superfusion of DFP (1 mM), pressure ejection of
MeCh produced no membrane depolarization.

5. Unusual effects of DFP on muscarinic depolarization

An interesting and unusual effect of DFP on muscarinic depolarizations was
noticed in 7 of the 32 cells; DFP converted the muscarinic depolarization

into a hyperpolarizing response. In these 7 rabbit superior cervical ganglion
cells MeCh applied by pressure ejection caused depolarization as expected.
However, after DFP superfusion pressure ejection of MeCh now produced a hyper-
polarization instead of a depolarization; one such experiment is shown in

Fig. 7. This unusual effect of DFP was fully reversible after washing with
Krebs solution. Furthermore, atropine effectively blocked the hyperpolar-
ization induced by MeCh in the presence of DFP as seen in Fig. 7. Also
interesting to point out is that the MeCh induced hyperpolarization under

the influence of DFP was consistantly associated with an increase in membrane
resistance (Fig. 7).

6. Effects of 2-PAM on ganglionic transmission

The compound, 2-PAM 1is best known for its ability to reactivate phosphorylated
ChE at neuromyal junctions (15). Results obtained here show that in addition
to its reactivating properties, 2-PAM affects nicotinic transmission directly
or indirectly.
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Fig. 7 Conversion of muscarinic depolarization to hyperpolarization by

DFP in a rabbit superior cervical ganglion cell. Control responses consist
of two muscarinic depolarizations induced by pressure ejections of MeCh

(10 ms duration). Following the superfusion of DFP (1 mM) for 5 min,
pressure ejection of MeCh now evoked a hyperpolarization associated with

an increase in membrane input resistance as indicated by an increase in the
amplitude of hyperpolarizing electrotonic potentials (small downward deflec-
tions). Atropine (1 uM) completely blocked the effects of pressure ejection
of MeCh.

A. Tacilitation and depression of nicotinic transmission by 2-PAM

The effects of 2-PAM on nicotinic transmission were also concentration
dependent. At concentrations of 1 mM or less, 2-PAM increased the amplitude
of f-epsp's, leading to spike discharges in all 7 cells examined. A repre-
sentative experiment is shown in Fig. 8: At the concentration of 10 mM,
2-PAM depressed f-epsp's. The mean reduction of the amplitude of f-epsp's
in 10 cells studied was 82.5%. One of the experiments is shown in Fig. 9.

B. Facilitation and depression of nicotinic depolarizations by 2-PAM

In this series of experiments, the effects of 2-PAM on nicotinic depolarizations
induced by pressure ejection of ACh were evaluated. Atropine (1 uM) was

present in the perfusing Krebs solution to ensure that the depolarization

evoked by ACh was nicotinic.

Consistent with the data on nicotinic transmission, 2-PAM facilitated and
depressed nicotinic ACh depolarizations dependent on the concentrations
employed. At concentrations of 1 mM or less, 2-PAM increased the amplitude
of ACh depolarizations as shown in Fig. 10. The mean increase was 63+16%
(n=14). At the concentration of 10 mM or higher, 2-PAM attenuated the
nicotinic ACh depolarization in 6 of the 7 cells examined (Fig. 11); the

mean decrease being 87+7%.
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Fig. 8 Potentiation of f-epsp's by 2-PAM in a rabbit superior cervical
ganglion cell. Control responses consist of three subthreshold f-epsp's.
Superfusion of 2-PAM (1 mM) increased the amplitude of f-epsp's to a point
where action potentials were initiated (middle tracing). F-epsp's recovered
to control level 15 min after washing with Krebs solution.

e - . P

" |

$2-pam. 10mm §

10mv

Fig. 9 Depression of f-epsp's by 2-PAM in a .rabbit superior cervical gan-
glion cell. Upward deflections represent f-epsp's evoked by low frequency

of stimulation of cervical sympathetic nerve trunk. While not affecting the
membrane potential, superfusion of 2-PAM (10 mM) markedly reduced the amplitude
of f-epsp's. The depressant action of 2-PAM was readily reversible.
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Fig. 10 Increase of nicotinic ACh depolarizations by 2-PAM in a rabbit
superior cervical ganglion cell. Pressure ejection of ACh (arrowheads)
caused a brisk depolarization. Superfusion of 2-PAM markedly increased

the amplitude of ACh depolarizations. The amplitude of ACh depolarizations
returned to control level in about 10 min after discontinuation of 2-PAM
superfusion.
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Fig. 11 Depression of nicotinic ACh depolarizations by 2-PAM in a rabbit
superior cervical ganglion cell. Superfusion of 2-PAM for 3 min reduced
the amplitude of ACh depolarization and it was nearly blocked after 5 min.
The ACh depolarization returned to control level 15 min after washing.

7. Spike after-hyperpolarization (AH) and its suppression by d-Tc

During the course of our study on the effects of DFP on muscarinic responses,
d-Tc (50 uM) was routinely added to the Krebs solution to suppress nicotinic
responses. What is interesting to note was that the spike AH is consistently
reduced by d-Te. This led to a more extensive study of the action of d-Tc
on spike AH.

The spike potentials evoked in rabbit or guinea pig sympathetic neurons are
followed by a prominent AH with an amplitude of 5-25 mV and duration of several
hundred ms. The spike AH in the majority of rabbit and guinea pig syn athetic
neurons consists of two distinct components: a fast decaying (RH ) and a slow
docaying_(AB,) component. Our results as well as results obtained in other
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types of vertebrate and invertebrate neurons (24) show that AHf is due to
an increase of membrane conductance to K (Gyg), whereas the AH, 1is probably
caused by an increase of potassium conductance secondary to calcium influx

(GK_Ca)°

In the concentrations of 10-100 uM, d-Tc quite selectively suppresses AHg
without affecting significatnly the AHg (Fig. 12). The depression of AHS

by d-Tc could be a result of either reduction of Ca influx or suppression

of GK-Ca directly. The finding that spike potentials evoked in Na-free/high

Ca solution and presumed to be generated by Ca currents were not significantly
affected by d~Tc suggests that Ca influx across the membrane is not affected

by d~Tc. Therefore, d~Tc appears to reduce spike AN by reducing GK—Ca’

I e

e N - V T

Fig. 12 Depression of spike AH by d-Tc in a rabbit superior cervical ganglion
cell, Spike potentials were evoked by depolarizing current pulses injected
through the recording microelectrode. Superfusion of d-Tc (50 uM) markedly
shortened the duration of the spike AH. Low Ca (0.12 mM) solution similarly
depressed the spike AH.
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8. PGE1 suppresses spike AH

PGE, is an endogenous adutocoid that may be released from the ganglia during
electrical stimulation (25). PGEl (10-500 nM) was found to reversibly depress
3 types of Ca-dependent potentials associated with the spike potential of
rabbit superior cervical ganglion cells, namely, the spike AH, the post-tetanic
hyperpolarization, and the Ca-spike evoked in a Na-free/high Ca solution (26).
The results suggest that PGE; reduces Ca conductances and that this action may
underlie its inhibitory action on ACh release from the ganglia (27).
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IV. Discussion é

The acute affects of OP agents including DFP on electrical responses of sympa-

thetic neurons have not been investigated heretofore. The result obtained here
demonstrates that DFP has a number of actions on synaptic transmission that are

apparently unrelated to its well established ChE inhibition activity (10,28).

- W o e -7

First, DFP exerted a dose-dependent facilitation and inhibition of nicotinic

transmission in the rabbit superior cervical ganglia. The observation that DFP
increased the nicotinic depolarizations induced by pressure ejection of ACh but ¢
not by CaCh indicates that the facilitatory action of DFP on nicotinic trans-

mission is probably due to its ChE inhibition activity, resulting in a prolong- ﬁ
ation of the duration of action of ACh present at the synaptic junction (16). v
DFP, on the other hand, blocks nicotinic transmission at higher concentrations. '

The question that is of immediate interest is whether or not the blockade of
ganglionic transmission by DFP was a result of accumulation of ACh, subsequent

to inhibition of ganglionic ChE. Our results appear to indicate that DFP blocked
ganglionic transmission by an action independent of ChE inhibition. The reasons
are as follows. First, if the blockade of nicotinic transmission were a con-
sequence of accumulation of ACh following inhibition of ChE by DFP, it would be
expected that the blockade should be preceded by a depolarization accompanied by

a reduction in membrane resistance (see also 14). However, DFP blocked nicotinic
transmission without first causing a noticeable change of membrane potential or
input resistance in 80% of the cells tested. Although DFP caused a small depolar-
ization in a population of neurons, this action is apparently not involved in
ganglionic blockade. Second and more importantly, the nicotinic depolarizations
induced by pressure ejection of ACH and CaCh were effectively blocked by DFP
suggesting that the latter acts postsynaptically. Although this finding does

not necessarily exclude the possibility of a presynaptic site of action whereby
DFP may alter transmitter release or block action potential propagation. Never-
theless, the fact that DFP blocks nicotinic depolarizations induced by exogenously
applied ACh and CaCh is a strong indication that DFP abolishes nicotinic trans-
mission by a postsynaptic site of action. The precise manner by which DFP blocks a
postsynaptic nicotinic response remains to be clarified. 1In this respect, we
have shown recently that carbamate type of anti-ChE agents, physostigmine and
neostigmine, also block nicotinic transmission by a postsynaptic mechanism (14).
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The second interesting and novel finding relates to the effects of DFP on !
muscarinic transmission. Our result shows that DFP exerted a biphasic action -
on muscarinic transmission: 1t facilitates and depresses at low and high con-
centrations, respectively. The facilitatory effect of DFP at lower concentra- s,
tions would be consistent with its ChE inhibition activity. However, the ¥
finding that muscarinic depolarizations induced by pressure ejection of MeCh,
a muscarinic agonist that is slowly hydrolyzed by AChE, were also increased by
lower concentrations of DFP suggests that the enhancement may not be a result
of simple inhibition of ChE. The possibility that DFP at lower concentrations ;
may have a direct muscarinic agonist activity remains to be further investigated. :

In contrast to its facilitatory effectat lower concentrations, DFP at concentra-

tions of 100 uM or higher reversibly depressed muscarinic transmission. The
inhibitory action appears to be a direct interaction of DFP with postsynaptic -
r
o t
'l
s
¢
v
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muscarinic receptors/ion channels as the muscarinic depolarization elicited by
pressure ejection of MeCh was similarly depresser.

In addition to its apparent direct muscarinic agonist and antagonist activity,
DFP was found to alter muscarinic depolarization by converting it into a hyper-
polarization in a portion of ganglion cells studied. Since the hyperpolariza~-
tion was blocked by atropine, it appears safe to assume that the hyperpolarization
induced by DFP was mediated by muscarinic receptors. The mechanism underlying
this intriguing effect of DFP is not clear. Nevertheless, it is noteworthy that
we have reported in an earlier study using surface recording techniques that
carbamate type of anti-ChE agents, physostigmine and neostigmine, likewise con-
verted muscarinic depolarizaticn into a hyperpolsrization (29). The question
whether or not a sluilar mechanism may underlie this unusual effect of DFP and
carbamate type of anti-ChE agents is interesting and remains to be addressed.

In summary, our results clearly show for the first time that DFP exerts an AChE-
dependent facilitation and an AChE-independent inhibition of nicotinic and mus-
carinic transmission in the sympathetic ganglia. It is important in the context
of OP toxicity that a rather narrow range of concentrations separates the enhanc-
ing effect of DFP from its inhibitory effect.

In the second half of studies, we demonstrate also for the first time that 2-PAM,
a classic ChE reactivator, affects nicotinic transmission in a concentration
dependent manner. The f-epsp's as well as nicotinic depolarizations induced by
pressure ejection of ACh were increased and reduced by low and high concentra-
tions of 2-PAM, respectively. The mechanism of the facilitatory action of 2-PAM
on nicotinic transmission is not firmly established. It has been reported that
2-PAM exhibits mild anti-ChE activity (30). The observation that the nicotinic
depolarizations induced by pressure ejection of ACh w~re increased by 2-PAM is
consistent with the notion that the latter may enhance nicotinic transmission by
an anti-ChE activity. Interestingly, 2-PAM inhibits nicotinic transmission at
higher concentrations. This appears to be a direct action on nicotinic receptor/
channel as the ACh depolarizations induced by pressure ejection of ACh was
similarly blocked. Thus, our result seems to suggest that 2-PAM may have a d-Tc
like action, albelt at a high concentration.

Two minor but related studies were carried out during the past year, namely the
effects of d-Tc and PGE] on spike AH. We found that d-Tc and PGE, both dep ess
spike AH by apparently two different mechanisms. PGE, reduced G._ , whereas d-Tc
inhibits GK'Ca’ What is the consequence of reduction of spike in terms of
neuronal function? The frequency and pattern of spike discharge of a neuron is
controlled by the duration of spike AH a reduction of which may lead to convulsive
phenomena in the vertebrate neurons (31). It is interesting in this respect that
d-Tc when applied to cortical neurons causes convulsive activities (31). The
implication is that by shortening the spike AH d-T¢ may enhance repetitive firings in
sympathetic neurons. In the case of PGE,, a reduction of Gca 1n the nerve
terminal membrane may cause a reduction of transmitter release. This mav explain
the depressant effect of PGE; on ACh release in the ganglia (27).
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muscarinic transmission were also concentrations dependent. DFP at concentra-
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as the depolarization induced by methacholine (MeCh), a specific muscarinic
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tions of 0.1 mM or higher reversibly blocked the s-epsp as well as MeCh-induced
depolarization. 2-PAM increased and decreased the nicotinic depolarizations
whether evoked synaptically or by pressure ejection of ACh at concentrations of
1 mM or lower and 10 mM or higher, respectively. Thus, the results provide evi-
dence for the first time that DFP and 2-PAM exerted an AChE dependent facilita-
tion and an AChE independent inhibition of nicotinic transmission. It is there-
fore concluded that contrary to the long standing concept that DFP and 2-PAM
affect cholinergic transmission solely by inhibiting and reactivating junctional
AChE, respectively, these compounds exert direct actions on cholinergic nicotin-
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status of junctional AChE activity. In addition to these two major studies,

it was found that d-tubocurarine (d-Tc, 10-100 uM) and prostaglandin E (PGEl,
10-100 nM) reversibly and dose-dependently suppressed the spike after-hyperpo-
larization (AH) of rabbit and guinea pig sympathetic ganglion cells. The abil-
ity of these two compounds to inhibit spike AH is interesting as they may in-
crease the membrane excitability of sympathetic neurons and other central neu-
rons.
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